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Cysteine-Rich Domain Isoforms
of the Neuregulin-1 Gene Are Required
for Maintenance of Peripheral Synapses
al., 1992; Wen et al., 1992; Falls et al., 1993; Marchionni
et al., 1993; Ho et al., 1995; Yang et al., 1998). Alternative
splicing of at least 15 exons generates at least 14 differ-
ent neuregulin-1 (Nrg-1) mRNAs (Marchionni et al., 1993;
Fischbach and Rosen, 1997). All identified NRG-1 iso-
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forms can be broadly classified into two mutually exclu-1Program in Neurobiology and Behavior
sive categories: type I and II isoforms, which contain an2Department of Neurology
immunoglobulin- (Ig-) like domain (Ig-NRGs), and type3Department of Anatomy and Cell Biology
III isoforms, which contain a cysteine-rich domain (CRD-4Department of Genetics and Development
NRGs) N-terminal to a common epidermal growth fac-5Integrated Program in Molecular and Cellular
tor± (EGF-) like sequence (Figure 1A; Fischbach andBiology and Biophysics
Rosen, 1997; Meyer et al., 1997).6Institute of Human Nutrition
Although functioning as ligands for the same family7Department of Pediatrics
of erbB receptor tyrosine kinases, different Nrg geneNew York, New York 10032
products have demonstrated distinct biochemical prop-
erties in vitro, consistent with the possibility that they
mediate different biological functions in vivo (Crovello etSummary
al., 1998; Pinkas-Kramarski et al., 1998). NRG-1 isoforms
are expressed in distinct spatial and temporal patternsNeuregulin-1 (NRG-1) signaling has been implicated in
during embryogenesis, suggesting that the differentinductive interactions between pre- and postsynaptic
NRG-1 isoforms themselves might mediate distinct bio-partners during synaptogenesis. We used gene tar-
logical signals (Meyer et al., 1997; Yang et al., 1998).geting to selectively disrupt cysteine-rich domain±
Mice homozygous for disruptions of all NRG-1 isoforms(CRD-) containing NRG-1 isoforms. In CRD-NRG-12/2
(Nrg-12/2), all Ig-NRG-1 isoforms (Ig-NRG-12/2), and allmice, peripheral projections defasciculated and dis-
isoforms containing a cytoplasmic tail die at embryonicplayed aberrant branching patterns within their tar-
day 10.5 (E10.5) from heart defects (Meyer and Birch-gets. Motor nerve terminals were transiently associ-
meier, 1995; Kramer et al., 1996; Erickson et al., 1997;ated with broad bands of postsynaptic ACh receptor
Liu et al., 1998). In particular, these mice die before(AChR) clusters. Initially, Schwann cell precursors ac-
significant expression of CRD-NRG-1 isoforms (Meyercompanied peripheral projections, but later, Schwann
et al., 1997). Targeted disruptions of the genes for twocells were absent from axons in the periphery. Follow-
known receptors, erbB3 and erbB4, and the coreceptor,ing initial stages of synapse formation, sensory and
erbB2, also have been generated (Gassmann et al.,motor nerves withdrew and degenerated. Our data
1995; Lee et al., 1995; Erickson et al., 1997; Riethmacherdemonstrate the essential role of CRD-NRG-1-medi-
et al., 1997; Britsch et al., 1998). erbB22/2 and erbB42/2ated signaling for coordinating nerve, target, and
embryos also die at E10.5 from cardiac defects. AnalysisSchwann cell interactions in the normal maintenance
of the initial erbB32/2 mice and erbB22/2 and erbB32/2of peripheral synapses, and ultimately in the survival
animals in which cardiac expression was rescued indi-of CRD-NRG-1-expressing neurons.
cates that subsequent to E10.5, the NRG/erbB signaling
system participates in fundamental processes underly-
ing the development of components of both the periph-Introduction
eral and central nervous system (Riethmacher et al.,
1997; Morris et al., 1999; Woldeyesus et al., 1999).
The neuregulins (NRGs) comprise a family of structurally CRD-NRG-1 derived from innervating visceral motor
related glycoproteins. Four distinct but related NRG neurons is involved in the induction of neuronal nicotinic
genes (Nrg-1, Nrg-2, Nrg-3, and Nrg-4) have been de- acetylcholine receptors (nAChRs) in developing chicken
scribed (Busfield et al., 1997; Carraway et al., 1997; sympathetic ganglia (Yang et al., 1998). CRD-containing
Chang et al., 1997; Fishbach and Rosen, 1997; Zhang transcripts are detected in developing motor neurons
et al., 1997; Ishiguro et al., 1998; Harari et al., 1999). as early as E10.0 in mice and become the predominant
Nrg-1 gene products have been implicated in diverse NRG-1 isoform expressed at all rostral±caudal levels of
cellular processes, including differentiation, survival, the spinal cord through birth (see below; Meyer et al.,
and migration (Lemke, 1996; Burden and Yarden, 1997). 1997; Sandrock et al., 1997). To assess the potential
The various isoforms of NRG-1, originally named on role of CRD-NRG-1 isoforms in neural development and
the basis of the distinct biological assays used in their synaptogenesis, we generated mice selectively lacking
identification, include neu differentiation factor (NDF), all CRD-NRG-1s. The resulting phenotype indicates that
heregulin (HRG), acetylcholine receptor±inducing activity the initial trajectory and outgrowth of peripheral nerves
(ARIA), glial growth factor (GGF), sensorimotor-derived in CRD-NRG-12/2 mice is grossly normal. However, pro-
factor (SMDF), and neuronal ARIA (nARIA) (Holmes et jections defasciculate and exhibit profuse, anomalous
branching patterns and terminal sprouting within their
target fields. Some aspects of pre- and postsynaptic8 To whom correspondence should be addressed (e-mail: lwr1@
columbia.edu). specialization are evident at developing nerve±muscle
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Figure 1. Disruption of CRD-NRG-1 Gene
(A) b-form Nrg-1 (b forms differ from a forms
in the EGF-like domain) splice variants and
the various nomenclatures used in the litera-
ture are shown. ªa,º ªb,º and ªcº refer to three
alternative cytoplasmic (CYT) domains. ª1,º
ª2,º and ª3º designate three variants of the
linker region connecting the EGF-like domain
with the TM domain. Subclass 3 lacks a TM.
Daggers indicate potential glycosylation
sites. Abbreviation: EXT, extracellular.
(B) Targeting strategy. Homologous recombi-
nation inserted a nonsense mutation (vertical
barbell) and novel XbaI (X) site into the CRD
exon and a neo cassette in antisense orienta-
tion into the 39 intron. Probes A and B, used
for genotyping, are indicated. Abbreviations:
R, EcoRI; E, EcoRV; and K, KpnI.
(C) Southern blot analysis of genomic DNA.
Left, EcoRI/EcoRV double digest hybridized
with probe A; right, XbaI digest hybridized
with probe B. Genomic DNA for lanes 1 and
4, 2 and 5, and 3 and 6 derive from the same
animal, respectively.
(D) Newborn CRD-NRG-12/2 mice (right)
lacked spontaneous movement, exhibited
pronounced head and forelimb drop, and
were cyanotic.
(E) Paraffin section of P0 lung stained with H
and E. Asterisks (Ea) indicate expanded and
carets (Ea9) point to collapsed alveolar air
spaces. Scale bar, 50 mm.
synapses. These interactions are not sustained. Periph- with viable, healthy littermates. Genotype analysis iden-
eral axons fragment, retract, and degenerate. In addi- tified the dead pups as CRD-NRG-12/2 (Figure 1C). No
tion, skeletal muscles appear immature, and Schwann CRD-NRG-12/2 mice survived past postnatal day 0 (P0).
cells and their precursors, initially detected along pe- Of the first 132 P0 pups, 22% were dead, and all dead
ripheral nerves, do not survive in the periphery. Thus, pups were homozygous nulls. Careful observation of
nerve-derived CRD-NRG-1 isoforms coordinate interac- several births revealed that CRD-NRG-12/2 pups were
tions between neuron, glia, and postsynaptic target that born alive but were limp and exhibited prominent head
are essential for establishing mature synapses. and forelimb drop (Figure 1D). These pups lacked de-
tectable limb movement, whether spontaneous or in re-
Results sponse to manual stimuli, did not breathe, and rapidly
became cyanotic and unresponsive to all stimuli despite
Homologous Recombination to Disrupt the Expression the presence of a heartbeat for several minutes after
of CRD-Containing NRG-1 Isoforms birth. Histological analysis confirmed that in newborn
The entire N terminus of CRD-containing NRGs (from CRD-NRG-12/2 mice, lung alveoli failed to expand, con-
the initial methionine to the EGF-like domain) is encoded firming that these pups never inspired (Figure 1Ea ver-
in one exon that is spliced into exon 6, encoding the N sus 1Ea9).
terminus of the EGF-like domain. A targeting vector was
constructed in which the CRD-encoding exon contained
Defective Somatic Motor±Skeletal Muscle Interactionsa nonsense mutation that simultaneously created a
during Synapse Formation in CRD-NRG-12/2 Miceframeshift and a novel XbaI site immediately following
CRD-containing isoforms are the predominant NRG-1sthe third and final methionine. In addition, a neomycin
expressed at the time of synaptogenesis of somatic andresistance (neo) gene flanked by loxP sites was inserted
visceral motor neurons, hindbrain motor neurons, andinto the intron immediately following the CRD-encoding
trunk and cranial sensory ganglia (Meyer et al., 1997;exon (Figure 1B). Following homologous recombination,
Sandrock et al., 1997; Yang et al., 1998). NRG-1 signalingembryonic stem (ES) cells were isolated that were het-
via erbB receptors has been implicated in the formationerozygous for both the novel 5 Kb EcoRI/EcoRV frag-
of the neuromuscular junction (Altiok et al., 1995; Jo etment using probe A and the novel 0.7 Kb XbaI fragment
al., 1995; Zhu et al., 1995; Fischbach and Rosen, 1997;using probe B (Figure 1B). These CRD-NRG-11/2 ES
Sandrock et al., 1997). Because newborn CRD-NRG-12/2cells were used to generate germline chimeras. Male
mice were unable to breathe, we examined interac-chimeras transmitting the mutant allele were used to
tions between the phrenic nerve and the diaphragmproduce fertile heterozygous offspring.
muscle. In control P0 diaphragms, the phrenic nerve, visu-
alized by immunostaining of neurofilament (NF) proteins,Perinatal Lethality of CRD-NRG-12/2 Mice
coursed through the central region of the muscle, per-CRD-NRG-11/2 mice were interbred. In the resulting lit-
ters, cleaned, dead pups were consistently found along pendicular to the long axis of the muscle fibers (Figure
CRD-Neuregulin Required for Synaptic Maintenance
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emanated from the margins of the diaphragm and ran
parallel to the muscle fiber axis in mutant preparations
(Figure 2a9).
Functional innervation is required for normal muscle
development and maintenance (Ashby et al., 1993). On
gross examination, mutant P0 diaphragms were ex-
tremely thin compared with controls. This decrease in
mass was accompanied by an z50% decrease in mus-
cle fiber number (9.77 fibers/mm2 in mutants compared
with 20.9 fibers/mm2 in controls) and an increase in
prominent, centrally located nuclei resembling those
seen in myotubes (from ,1% of nuclei in controls to
30% in mutants; Figure 2b versus 2b9). This abnormal
distribution of mutant muscle nuclei was in stark con-
trast to the elongated, eccentric, and peripheral nuclei
of controls and was also evident in teased muscle fiber
preparations (data not shown).
Despite the lack of a phrenic nerve plexus or com-
pletely matured diaphragm muscle, aspects of synapto-
genesis were seen in mutants. We examined the distri-
bution of two markers of postsynaptic maturation of the
neuromuscular junctionÐclusters of AChRs and expres-
sion of acetylcholinesterase (AChE; Hall and Sanes,
1993). Normally, at P0, AChRs, visualized by fluorescein-
conjugated a-bungarotoxin (aBgTx), and AChE depos-
its, visualized by histochemical staining, were organized
in high density clusters tightly arranged in a narrow band
beneath nerve terminal arbors. This band formed a dis-
tinct ªendplate zoneº at the sites of phrenic nerve±
diaphragm muscle synapses (Figures 2c and 2d). The
bands of AChR clusters and AChE were abnormally
broad in CRD-NRG-12/2 mice (257 6 56 mm versus 123 6
Figure 2. Diaphragm±Phrenic Nerve Interactions Are Defective in 21 mm in mutants versus controls, respectively, n 5 3;
CRD-NRG-12/2 Mice Figures 2c versus 2c9, and 2d versus 2d9). Furthermore,
(a and a9) P0 diaphragm stained with anti-NF antibodies (red). while no outlying aBgTx/AChE-stained postsynaptic
(a9) Arrows point to remnant NF1 staining in mutants.
sites were seen in control diaphragms, AChR clusters(b and b9) H and E staining of coronal sections through P0 diaphragm
were detected as far as 736 mm from the lateral marginmuscle. Carets (b) indicate eccentric, peripheral nuclei. Arrows (b9)
of the main AChR band in mutants (Figure 2c versuspoint to central nuclei.
(c and c9) P0 diaphragm stained with anti-NF antibodies (red) and 2c9). Taken together, the existence of AChR clusters
aBgTx (green). and AChE deposits in the absence of associated nerve
(c) Carets indicate the lateral margins of the tight band of nerve terminals in P0 mutant diaphragms indicates that motor
terminal associated aBgTx clusters. neuron synapses had begun to form but that synapto-
(c9) Arrows indicate outlying clusters of aBgTx staining.
genesis was not sustained.(d and d9) AChE staining of P0 diaphragm.
To confirm that nerve±muscle synaptogenesis had be-(d) Carets point to tightly aligned AChE staining.
gun in mutants, we examined phrenic nerve projections(d9) Arrows point to scattered AChE staining.
(e, e9, f, and f9) E14.5 diaphragm stained with anti-NF antibodies and postsynaptic specializations in embryos. During
(red) (e and e9) or anti-NF and anti-SYN (synaptic vesicle marker) normal embryogenesis (E14.5±E18.5), NF staining dem-
antibodies (red) and aBgTx (green) (f and f9). onstrated regular and highly ordered phrenic nerve
(e and e9) Dotted white lines indicate lateral edge of diaphragm. branches that terminated in the center of each dia-
(e) Asterisks highlight axons branching off the phrenic nerve that
phragm muscle (Figure 2e shows an example of E14.5).terminate in central region of muscle.
As seen at P0 (Figure 2a9), E15.5±E18.5 mutant dia-(e9) Solid arrows highlight defasciculated axons with irregular
phragms lacked NF-positive staining. Neurofilament-branching patterns and repeated neurite crossings. Open arrows
indicate axons aberrantly extending to the most lateral edges of the positive staining was apparent at E14.5 in mutants (Fig-
diaphragm. ure 2e9). However, in contrast to age matched controls,
(f) Asterisks indicate the organized endplate zone. E14.5 mutant diaphragms had extensive phrenic nerve
(f9) Arrows indicate examples in which SYN and aBgTx do and do defasciculation and aberrant branching, with projec-
not overlap in the disorganized endplate zone. Orientation: left, lat-
tions extending as far as the most lateral borders of theeral edge of diaphragm; right, middle of diaphragm; and top, dorsal
diaphragm (Figure 2e9, see open arrows).(a, a9, c, c9, d, d9, e, e9, f, and f9). Scale bar, 100 mm (a, a9, c, c9, d,
The disorganization of the main branches of thed9, e, and e9) and 10 mm (b, b9, f, and f9).
phrenic nerve in mutants extended to the nerve terminals
entering the endplate zone (Figure 2f9). In control ani-
2a). This main intradiaphragmatic phrenic nerve plexus mals, E14.5 nerve terminals separate from higher order
was not found in P0 CRD-NRG-12/2 mice (Figure 2a9). nerve branches at regular intervals, creating a distinct
endplate zone (Figure 2f). In mutants, the nerve terminalsRarely, we detected abnormally thin nerve fibers that
Neuron
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Figure 3. Intercostal and Hindlimb Motor
Neuron±Skeletal Muscle Abnormalities
(a, a9, b, and b9) E18.5 intercostal whole
mounts stained with anti-NF and anti-SYN
antibodies (red) (a and a9) or with anti-NF/
anti-SYN antibodies (red) and aBgTx (green)
(b and b9).
(a) Asterisks indicate the single main intra-
muscular intercostal nerve, with orderly
branches that form a tight endplate zone.
(a9) Open arrows indicate the bifurcation of
the main intercostal branch seen in mutants.
Solid arrows indicate abnormal branching
patterns of higher order nerves, leading to a
disorganized endplate zone.
(b and b9) Asterisks indicate the tight band
of aBgTx staining, which in mutants (b9) is
broader but coincident with nerve terminals.
(c and c9) H and E staining of coronal section
through E18.5 intercostal muscle. Carets (c)
indicate eccentric, peripheral nuclei. Arrows
(c9) point to central nuclei.
(d, d9, e, and e9) Transverse sections through
E18.5 hindlimb stained with anti-VAT anti-
body (green) (d and d9) or with anti-VAT anti-
body (green) and aBgTx (red) (e and e9). Aster-
isks (d) and arrows (d9) indicate nerve
terminals.
(e) Asterisks point to overlap of VAT and
aBgTx staining (yellow).
(e9) Open arrows indicate aBgTx1/VAT2
patches. Closed arrows point to aBgTx2/
VAT1 staining. Double arrows indicate re-
gions of overlap (yellow) in mutants.
(f and f9) Whole-mount ISH of E18.5 intercos-
tal muscle with d mAChR±specific probes.
Asterisks (f) and arrows (f9) outline the central-
ized band of d mAChR expression. Orienta-
tion: top, posterior, and right, medial (a, a9,
b, and b9); top, anterior, and right, medial (f
and f9). Abbreviations: R, rib, and M, muscle.
Scale bar, 50 mm (a, a9, b, and b9); 10 mm (c,
c9, d, d9, e, and e9); and 100 mm (f and f9).
were medial and lateral to the band of AChR clusters of adjacent sections with an antibody to the vesicular
ACh transporter (VAT) revealed the presence of motor(Figure 2f9). Although some nerve terminals were directly
opposed to aBgTx staining, many appeared to pass nerve terminals in both controls and mutants (Figures
3d and 3d9). However, in mutants, the endings of motorthrough the broad band of AChR clusters (Figure 2f9).
CRD-NRG-1 isoforms are expressed in somatic motor nerves were more numerous, punctate, and scattered
(Figure 3d versus 3d9). Furthermore, while the majorityneurons at all levels of the spinal cord (see Figure 8Ca).
To determine if somatic motor nerves emanating from of AChR clusters were subjacent to VAT1 terminals in
controls, most clusters of aBgTx and VAT staining wereother spinal cord levels showed defects similar to those
of the phrenic nerve, we compared intercostal and lum- not colocalized in mutants (Figure 3e versus 3e9). The
extent of nerve terminal withdrawal was quantified in thebar level nerves in control and mutant embryos. Robust
nerve fiber staining was present in E18.5 control and quadriceps femoris muscle group, which is innervated
predominantly by L2 lumbar motor neurons (McHanwellmutant intercostal muscle (Figure 3a9). However, com-
pared with controls, in E18.5 mutant embryos, the inter- and Biscoe, 1981). In mutants, 74.8% 6 13.4% (548 6
168 out of an average total of 722 6 87) of aBgTx clusterscostal nerve displayed an abnormal pattern of fascicula-
tion and branching and had a diffuse endplate zone lacked VAT1 terminals compared with 15.3% 6 3.4%
(87 6 16 out of an average total of 576 6 67) in wild-(Figures 3a versus 3a9, and 3b versus 3b9). In addition
to these abnormalities, mutant E18.5 intercostal muscle type controls. Therefore, motor neurons innervating
hindlimb, intercostal, and diaphragm muscles showedhad regions of immature-appearing muscle reminiscent
of the P0 diaphragm (Figure 3c versus 3c9). Similar re- similar progressive deficits in nerve±muscle communi-
cation.gions of immature muscle were seen in P0 tongue and
forelimb muscles (data not shown).
Lumbar level motor neurons were also affected by the Synapse-Specific Transcription
in CRD-NRG-12/2 Micedeletion of CRD-NRG-1 isoforms. Neurofilament stain-
ing was markedly decreased in E18.5 leg muscle in mu- AChR clustering at developing neuromuscular junctions
results, in part, from synapse-specific transcriptiontants compared with controls (data not shown). Staining
CRD-Neuregulin Required for Synaptic Maintenance
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Figure 4. Degeneration of Motor and Sensory Nerves in CRD-NRG-12/2 Mice
(a and a9) ISH with VAT-specific probe through cervical enlargement of E18.5 spinal cord.
(b) Number of motor neurons present in spinal cord levels C1±C8 in control and mutant embryos (n 5 3 for each age and genotype). Error
bars, standard deviation.
(c, c9, d, and d9) E18.5 (c and c9) and E14.5 (d and d9) lumbar dorsal root ganglia stained with anti-Islet-1 antibody (green). Note that in mutants
at E18.5 but not E14.5, dorsal root ganglia were smaller than in age-matched controls. Abbreviation: DRG, dorsal root ganglia. Scale bar, 50
mm (a, a9, c, c9, d, and d9).
(Sanes, 1997). AChR transcription is localized by activity- through birth (Figure 8Ca; data not shown; Meyer et
al., 1997). In mutants, dorsal root ganglia were grosslydependent repression at extrasynaptic muscle nuclei and
by upregulation in subsynaptic muscle nuclei (Sanes, smaller at E18.5 and E16.5 but not at E14.5 (Figures 4c
versus 4c9, and 4d versus 4d9; data not shown). Islet-11997). The synaptic induction of AChRs is thought to
be mediated by Ig-NRG-1 isoforms (Falls et al., 1993; staining of trunk sensory neurons (Lin et al., 1998)
demonstrated that by E18.5, dorsal root ganglia con-Si et al., 1998). To test whether synapse-specific tran-
scription of AChRs occurs in CRD-NRG-12/2 mice, we tained z60% fewer Islet-11 nuclei in mutants than in
hybridized E18.5 whole-mount intercostal muscle prep- controls (3077 6 97 versus 9641 6 914, respectively),
arations to both d and a muscle AChR cRNA probes. In indicating that the reduced ganglion size was associ-
both control and mutant muscle, d and a subunit mRNA ated with a significant loss of sensory neurons.
were concentrated in a centrally located endplate band Loss of sensory neuron projections preceded sensory
(Figure 3f versus 3f9; data not shown). The mutant band neuron loss in CRD-NRG-12/2 mice. In E11.5 embryos,
was broader than in controls, consistent with the wider sensory and motor axons, visualized with anti-b-tubulin
distribution of nerve terminals and AChR clusters in mu- III antibodies, coalesced into orderly arrays of fascicu-
tants at this age (Figure 3b versus 3b9). lated spinal nerves that projected normally in both con-
trol and CRD-NRG-12/2 mice (Figure 5a versus 5a9). How-
Severe Loss of Motor Neurons ever, at E12.5 the cutaneous projections were abnormal
in CRD-NRG-12/2 Mice in CRD-NRG-12/2 embryos. Terminal projections of the
The loss of intradiaphragmatic nerve bundles in CRD- dorsal ramus and the lateral cutaneous branches in tho-
NRG-12/2 mice after E14.5 suggests a role of CRD-NRG-1 racic and lumbar regions were overtly defasciculated
isoforms in the survival of motor neurons. In situ hy- and extensively branched (Figure 5b versus 5b9). At more
bridization (ISH) with a VAT-specific probe (Naciff et rostral levels of mutant embryos, the terminal cutaneous
al., 1997) of transverse sections through the cervical projections were bulb-shaped, smaller, and more com-
enlargement of E18.5 mutant versus control spinal cords pact than the splayed nerve endings in control animals
revealed a 60% reduction in the number of VAT1-so- (Figure 5c versus 5c9).
matic motor neurons (Figures 4a versus 4a9, and 4b). In Using an anti-PGP9.5 antibody to stain all peripheral
contrast, no significant difference existed in the number nerve fibers (Rice et al., 1998), we examined the cutane-
of VAT1 cells between wild-type and mutants at E14.5, ous sensory projections in older animals. At E14.5,
when motor projections were present but morphologi- PGP9.51/VAT2 fibers were present in skin from the lower
cally abnormal in mutants (Figure 4b). Therefore, the thoracic dermatome level of wild-type and mutant em-
reduction in motor neuron number occurred after nerve bryos, although terminals appeared thinner and more
terminal withdrawal. diffuse in mutants (Figure 5d versus 5d9). By E18.5, the
normally robust PGP9.51 nerve fiber staining was virtu-
ally absent in mutants (Figure 5e versus 5e9).CRD-NRG-1 Isoforms Are Required for Sensory
Neuron Survival Small diameter neurons in dorsal root ganglia com-
prise the majority of cells in the ganglia, elaborate cuta-Dorsal root ganglia neurons give rise to trunk sensory
nerves and express CRD-NRG-1 isoforms from E10.5 neous afferents that convey nociceptive information and
Neuron
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Figure 5. Sensory Neurons Require CRD-
NRG-1 Isoforms for Normal Development
(a, a9 b, b9, c, and c9) Whole-mount immuno-
staining with anti-b-tubulin III antibody of
E11.5 embryos (a and a9) or E12.5 embryos
(b, b9, c, and c9).
(a and a9) Arrows point to fasciculated spinal
nerves coursing in orderly, parallel arrays.
(b and b9) Arrows (b) and carets (b9) point to
lateral cutaneous branches and dorsal rami
of spinal nerves. Note defasciculation and ab-
normal branching in mutants.
(c and c9) Asterisks (c) point to splayed, ro-
bust cervical cutaneous branches. Arrows (c9)
point to bulbous, compact terminals in mu-
tants. Abbreviation: lmb, limb.
(d, d9, e, and e9) Transverse section through
E14.5 (d and d9) or E18.5 (e and e9) thoracic
dermatome±derived skin stained with anti-
PGP9.5 antibody (red) and anti-VAT antibody
(green) (d and d9) or anti-PGP9.5 (red) alone
(e and e9).
(d) Asterisks highlight cutaneous sensory fi-
ber innervation.
(d9) Arrowheads indicate smaller, more frag-
mented cutaneous sensory fiber innervation
in mutants.
(e) Asterisks indicate prominent cutaneous fi-
ber staining, which is absent in (e9).
(f, f9, g, and g9) ISH with trkA-specific probe
of transverse sections through E14.5 (f and
f9) or E18.5 (g and g9) lumbar dorsal root ganglia (DRG). Orientation: top, anterior, and left, dorsal (a, a9, b, b9, c, and c9). Scale bar, 100 mm
(a, a9 b, b9, c, and c9) and 50 mm (d, d9, e, e9, f, f9, g, and g9).
express the neurotrophin receptor TrkA (Martin-Zanca rostral-to-caudal levels (Figure 6b versus 6b9; data not
shown). Moreover, S1001 Schwann cells (Grinspan etet al., 1990; Wright and Snider, 1995). The number of
TrkA-positive neurons in lumbar dorsal root ganglia in al., 1996) were present along mutant peripheral nerves
close to spinal roots, albeit at reduced levels comparedmutants was greatly reduced compared with controls
at E18.5 but not E14.5 (Figures 5f versus 5f9, and 5g with controls (Figure 6c versus 6c9). However, more dis-
tally, in mutant E14.5 diaphragms, S1001 cells were ab-versus 5g9). This reduction correlates with the magni-
tude and timing of the loss of both dorsal root ganglia sent from intramuscular branches of the phrenic nerve,
whereas in control diaphragms, S1001 cells lined thecells and skin afferents in mutant embryos.
full extent of phrenic nerve branches to the finest termi-
nations (Figure 6d versus 6d9).CRD-NRG-1 Isoforms Are Required for Schwann
Cell Survival S1001 cells were absent from other nerve terminals as
well. In control E16.5 intercostal muscle, VAT1 terminalsDeveloping Schwann cell precursors express the NRG
receptors, erbB2 and erbB3, and loss of NRG-1 and opposed to aBgTx clusters were S1001, while in mu-
tants, S100 staining was absent from terminals (FigureserbB2/3 expression affects Schwann cell development
(Meyer and Birchmeier, 1995; Zorick and Lemke, 1996; 6e versus 6e9, and 6f versus 6f9). Similar results were
seen in E16.5 leg muscle and E18.5 intercostal and legMeyer et al., 1997; Riethmacher et al., 1997; Jessen and
Mirsky, 1998). Specific disruption of the CRD-NRG-1 muscle (data not shown). Despite the absence of termi-
nal S100 staining, nuclei of Sox101/erbB31/ S1001 cellsgene affected Schwann cell survival along peripheral
nerves. ErbB31 Schwann cell precursors were present were present along dorsal and ventral roots of E18.5
mutants (Figures 6g versus 6g9, 6h versus 6h9, and 6ialong peripheral nerves of CRD-NRG-12/2 mice at E11.5
(Figure 6a versus 6a9), an age when peripheral spinal versus 6i9; data not shown). Thus, although the number
of Schwann cell precursors appeared to be reduced,nerves still appear normal (Figure 5a versus 5a9). How-
ever, the number of erbB31 cells appeared reduced in and Schwann cells were absent from nerve terminals
during neuromuscular junction formation, Schwann cellsmutants, in particular along the distal nerve segments
(Figure 6a versus 6a9). were not completely lost in mutants close to dorsal and
ventral roots.To determine if the apparent reduction in Schwann
cell precursors at E11.5 was progressive, expression of
erbB31 and Sox10, a marker of neural crest derived Hindbrain Defects in CRD-NRG-12/2 Mice
Cranial sensory ganglia express CRD-NRG-1 isoformstissues, including Schwann cell precursors and Schwann
cells (Kuhlbrodt et al., 1998), was examined in older (Figures 7a, 7b, and 8Ca; Meyer et al., 1997). CRD-NRG-1,
erbB3, and erbB4 mRNA have been detected in theanimals. Cross sections of E13.5 and E14.5 animals
showed that Sox101/erbB31 staining, although dramati- peripheral targets of these ganglia, including vibrissal
follicles (Figures 7c and 7d; data not shown; Meyer etcally reduced, was present close to dorsal and ventral
roots and more distally along peripheral nerves at all al., 1997). Given the deficits in trunk sensory neuron
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Figure 6. Progressive Loss of Schwann Cell Precursors along Peripheral Nerves in CRD-NRG-12/2 Mice
(a and a9) ISH with erbB3-specific probe of transverse sections through E11.5 embryos.
Arrows indicate erbB31 cells along and within developing sensory root.
(a9) Segments of nerve distal to the ganglia appear to have fewer erbB31 cells than more proximal regions. Abbreviations: drg, dorsal root
ganglia, and mus, muscle. Dotted lines demarcate erbB31 staining associated with developing muscle from that found in cells along developing
peripheral nerve.
(b and b9) ISH with Sox10-specific probe of transverse sections through E14.5 thoracic spinal cord. Arrows point to Sox10-positive cells along
peripheral nerve. Asterisk (b) indicates Sox101 staining of cartilage. Abbreviation: drg, dorsal root ganglia.
(c, c9, d, and d9) Transverse sections through E14.5 cervical spinal cord (c and c9) or E14.5 diaphragm (d and d9) stained with anti-S100 (red)
and anti-NF (green) antibodies.
(c and c9) Arrows point to S1001 cells lining nerve segments proximal to the ventral root.
(d) Asterisks indicate S100 staining along preterminal branches.
(d9) White arrows point to axons devoid of S100 staining.
(e, e9, f, and f9) E16.5 coronal intercostal muscle sections stained with anti-VAT antibodies (green) and aBgTx (red) (e and e9) and anti-S100
(f and f9). Arrows point to regions of VAT/aBgTx overlap (yellow) that also overlap with S100 staining in (f) but not in (f9). (The same sections
are shown in e, e9, f, and f9.) Asterisks point to intercostal nerve bundles.
(g, g9, h, and h9) H and E staining of transverse sections through E18.5 cervical dorsal root ganglia (drg) (g and g9) and dorsal root (h and h9).
(g and g9) Rectangles indicate regions shown at high power in (h) and (h9).
(h and h9) Arrows point to nuclei along dorsal roots.
(i and i9) Transverse sections through E18.5 cervical dorsal root hybridized with Sox10 probe. Dotted lines demarcate dorsal root nerve. Scale
bar, 10 mm (a, a9, c, c9, d, d9, e, e9, f, f9, h, h9, i, and i9); 50 mm (b and b9); and 100 mm (g and g9).
populations in CRD-NRG-12/2 mice, we assessed the these cranial nerve projections were essentially devoid
of associated erbB31 Schwann cell precursors (Figureformation and development of peripheral projections of
cranial ganglia in mutants. Both neural crest and otic 7h versus 7h9; data not shown). Trigeminal nerve projec-
tions to the snout examined by anti-PGP9.5 antibodyplacode±derived elements of cranial ganglia formed in
CRD-NRG-12/2 mice (Figure 7g versus 7g9), but the staining from E14.5±E18.5 revealed a consistent reduc-
tion in nerve fiber diameter compared with age-matchedterminal extensions of these cranial nerves were ab-
normally branched and defasciculated (Figure 7g ver- controls (data not shown). At E18.5, deep nerve fiber
staining to vibrissal follicles was virtually absent in mu-sus 7g9).
At E14.5, cranial ganglia (including the trigeminal and tants (Figure 7i versus 7i9). Only fragmented remnants
of fibers were present (Figure 7i versus 7i9).geniculate) and their associated nerves were dramati-
cally reduced in size in CRD-NRG-12/2 mice (Figure 7h CRD-NRG-1 is expressed in VAT1 cells of cranial mo-
tor nuclei, such as the trigeminal (N5N), facial (N7N), andversus 7h9; data not shown). Furthermore, in mutants,
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Figure 7. Hindbrain Deficits and Loss of
Schwann Cell Precursors in CRD-NRG-12/2
Mice
(a and b) Transverse serial sections of trigem-
inal ganglion of E14.5 embryos hybridized in
situ with CRD-NRG-1 (a) or Pan-NRG-1 (b)
probes.
(c and d) Coronal serial sections of vibrissal
follicles of E18.5 embryos hybridized with
CRD (c) or erbB4 (d) probes.
(e and f) E18.5 trigeminal motor nucleus
(CN5N) (e) or facial motor nucleus (CN7N) (f)
hybridized with CRD-NRG-1 probe.
(g and g9) Whole-mount staining of E11 em-
bryos with anti-b-tubulin III antibody.
(g9) Arrows and arrowheads point to the ab-
normal branching of the mandibular branch
of the trigeminal nerve (man) and the fa-
cial nerve (N7n), respectively. Abbreviations:
N5g, trigeminal; N7g/N8g, vestibulo-cochlear;
N9g, petrosal; N10g, nodose ganglia; Op,
ophthalmic, max, maxillary; man, mandibular
branches of trigeminal nerve (N5n); N7n, fa-
cial; N11n, spinal accessory; and N12n, hypo-
glossal nerve.
(h and h9) Trigeminal ganglia from E14.5 em-
bryos hybridized with erbB3-specific probe.
(h) Asterisks indicate peripheral projection in
control mice. Note that the nerve bundle is
lined with erbB31 cells. I bar indicates the
width of nerve.
(h9) Arrows point to a mutant peripheral nerve
projection devoid of erb31 cells.
(i and i9) E18.5 coronal sections through snout
stained with anti-PGP9.5 antibody.
(i) Asterisks indicate a prominent nerve fasci-
cle providing sensory innervation (marked by
arrows) to vibrissal follicles.
(i9) Large arrows indicate the absence of the
main, innervating fascicle. Small arrows point
to remanants of fragmented nerve.
(j and j9) Coronal section through E18.5 trigeminal motor nucleus (N5N) hybridized with VAT-specific probe. Orientation: top, anterior, and left,
dorsal (h and h9); left, midline, and right, lateral edge of skin (j and j9). Scale bar, 100 mm (a, b, g, g9, h, and h9) and 50 mm (c, d, e, f, j, and j9).
dorsal motor nucleus of the vagus (Figures 7e and 7f; the wild-type CRD-NRG-1 transcripts in control animals
data not shown). At E18.5, the number and distribution (Figure 8Ca versus 8Ca9; data not shown).
of VAT1 neurons within the brainstem of CRD-NRG-12/2 RNase protection assays were used to confirm the
embryos were abnormal, with the most striking changes correct splicing of Ig-containing isoforms and to quanti-
seen in the motor nuclei of cranial nerves N5N (Figure tate Ig-NRG-1 mRNA levels in CRD-NRG-12/2 mice (Fig-
7j versus 7j9) and N7N (data not shown). ure 8B). Correctly spliced Ig-containing Nrg-1 mRNAs
were present in E14 heart and brain from wild-type and
mutant animals (Figure 8B). PhosphorImager analysisSelective Disruption of CRD-NRG-1 Isoforms
of the intensities of the protected Ig bands, normalizedInterpretation of the phenotype of the CRD-NRG-12/2
to an internal control, demonstrated that expression ofmice relies critically on the assertion that the targeting
Ig-NRG-1 isoforms was not affected in mutants (0.11 6event to disrupt translation of CRD-NRG-1 isoforms did
0.02 versus 0.11 6 0.02).not alter expression of Ig-containing isoforms. RT-PCR
Finally, the targeting construct used a neo cassetteanalysis indicated the presence of correctly spliced,
flanked by loxP sites. Although no changes in Ig-NRG-1CRD-containing mRNAs in both wild-type and mutant
expression levels or splicing were detected in CRD-embryos (Figure 8A). Digestion of the RT-PCR products
NRG-12/2 mice, to ensure that the insertion of the neowith XbaI confirmed that the nonsense mutation was
cassette into the intron 39 of the CRD exon did notpresent in mutant mRNA. Exons 39 to the disruption,
contribute to the phenotype, we mated CRD-NRG-11/2including those comprising the EGF-like domain, the
mice to mice expressing Cre recombinase (P. D. et al.,transmembrane (TM) domain, and the common cyto-
unpublished data). Mice from this cross that lacked theplasmic tail, were transcribed and correctly spliced (Fig-
neo cassette but were heterozygous for the XbaI/pointure 8A). Whole-mount ISH revealed that the spatial and
mutation were interbred to produce ªneo-lessº CRD-temporal patterns of the mutant CRD-NRG-1 mRNA in
CRD-NRG-12/2 mice were similar to the distribution of NRG-12/2 mice. In all assays, neo-less mutants were
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Figure 8. Isoform-Specific Disruption of the Nrg-1 Allele
(A) Southern blot analysis of neonatal Nrg-1 cDNAs.
(Top) Schematic representation of CRD-containing Nrg-1 cDNAs. Open arrowheads and closed arrows represent primers used to produce
PCR products hybridized to CRD-specific (hatched area) or TM-specific (solid band) oligonucleotide probes, respectively.
(Bottom) Note that CRD-containing and EGF-TM-cytoplasmic containing transcripts were present in CRD-NRG-11/1 and CRD-NRG-12/2 mice
and that CRD transcripts from CRD-NRG-12/2 mice were digested by XbaI.
(B) RNase protection assays of E14 heart and brain total RNA.
(Top) Schematic representation of the Ig-NRG-1-specific probe (closed black bar).
(Bottom) Lane 1, 32P-labeled 100 bp ladder; lanes 2±4, triplicate assay of one wild-type animal; and lanes 5±7, triplicate assay of one mutant
animal. Arrow points to position of full-length Ig-NRG-1 probe; double arrow indicates position of full-length L30 probe. Ig and L30 correspond
to Ig and L30 probe± protected bands, respectively. Abbreviations: M, marker; WT, wild-type; and MUT, mutant.
(Ca and Ca9) Whole-mount ISH with CRD-NRG-1-specific probe of E11 CRD-NRG-11/2 and CRD-NRG-12/2 embryos. Abbreviations: N5g,
trigeminal; N10g, vagal ganglia; sc, spinal cord; and drg, dorsal root ganglia. Scale bar, 100 mm.
phenotypically identical to neo-containing CRD-NRG-12/2 without the neo cassette were indistinguishable in all
assays examined (see Experimental Procedures). Fi-mice (see Experimental Procedures).
nally, the phenotype associated with the selective dis-
ruption of CRD-NRG-1 isoforms is distinct from all otherDiscussion
NRG-1 ligand knockouts. Nrg-12/2 and Ig-NRG-12/2 mice
both die by E10.5 because of defective trabeculationOur results indicate that CRD-NRG-1 isoforms are nerve
derived signals that are required for maintaining presyn- in the developing heart (Meyer and Birchmeier, 1995;
Kramer et al., 1996). CRD-NRG-12/2 mice do not showaptic components in their target fields during the period
of synapse formation. CRD-NRG-12/2 mice lack func- this embryonic lethality and die shortly after birth. There-
fore, the phenotype of CRD-NRG-12/2 mice results nottional phrenic nerve±diaphragm synapses, are unable
to breathe, and die within minutes of birth. Motor and from artifactual perturbation of Ig-mediated signaling
but from a primary and selective disruption of CRD-sensory nerve projections initially emanate from hind-
brain to lumbar spinal cord levels in the mutant embryos, NRG-1 isoform-mediated signaling.
but upon arrival within their respective targets, the
nerves branch extensively. Schwann cell precursors, ini- Role of CRD-NRG-1 Isoforms in Skeletal
Muscle Developmenttially associated with peripheral projections, do not sur-
vive in the periphery. At birth, mutant skeletal muscles Regions of muscle of newborn CRD-NRG-12/2 mice were
immature rather than atrophied. These muscles werecontain regions that display myotube-like features of
immaturity. Finally, by parturition, the number of periph- smaller and had decreased fiber number, and a subset
of fibers had prominent, centrally positioned nuclei re-eral motor and sensory neurons is decreased by z60%.
This extensive neural degeneration is likely to account sembling those seen in myotubes. Typical signs of atro-
phy, such as small, angulated fibers and clumped, pyk-for the abnormal morphology of the forelimbs and head
and the absence of limb movement, evident in both notic nuclei (Griggs et al., 1995), were not observed.
Features of muscle immaturity seen in CRD-NRG-12/2E18.5 and P0 CRD-NRG-12/2 mice.
mice have been reported in situations in which primary
defects occur in nerve, such as rodent muscles thatIsoform-Specific Disruption of the Nrg-1 Gene
We have shown using RT-PCR, RNase protection develop aneurally or are denervated prior to maturity,
or muscle (Engel et al., 1968; Ashby et al., 1993). Theassays, and whole-mount ISH that mutating the CRD
exon did not disrupt the splicing or transcription of the severe, X-linked form of human myotubular myopathy,
in which the primary defect is thought to be in a muscleNrg-1 locus. Furthermore, CRD-NRG-12/2 mice with and
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phosphatase (Laporte et al., 1996), is associated with a sensory neuron loss occurs only after the axons of these
neurons reach erbB-expressing epidermis (Kokai et al.,striking increase of central nuclei in muscle fibers and
diminished muscle mass (Helliwell et al., 1998). Thus, 1987; Srinivasan et al., 1998). Therefore, just as for motor
neurons, CRD-NRG-1 isoforms apparently interact withthe abnormal muscle maturation can result from the lack
of a nerve-derived ªmaturation factorº or from the lack peripheral tissues to regulate the survival of sensory
neurons in their targets.of responsiveness of muscle fibers to a maturation factor
(Engel et al, 1968). Based on our data, CRD-NRG-1 iso- Alternatively, the observed pattern of motor and sen-
sory loss in CRD-NRG-12/2 mice could result from indi-forms are candidates for such a nerve-derived factor.
rect or direct effects of the absence of trophic support
from nerve-associated Schwann cells (Bunge, 1993;Role of CRD-NRG-1 Isoforms in Schwann
Riethmacher et al., 1997). However, neither the SchwannCell Development
cell precursor nor any signal potentially elicited from itCRD-NRG-1 isoforms are required for the peripheral
by CRD-NRG-1 were sufficient to maintain motor neu-maintenance and survival rather than the initial genera-
rons in skeletal muscle±deficient transgenic mice (Gries-tion or early differentiation of Schwann cells. Neural
hammer et al., 1998). In addition, neuron loss in CRD-crest precursors differentiate first into erbB31/S1002
NRG-12/2 mice occurs only after nerves enter their targetSchwann cell precursors and then into committed
fields, and motor terminals in skeletal muscle prior toerbB31/S1001 Schwann cells (Zorick and Lemke, 1996;
withdrawal can cluster muscle AChRs, induce AChE ex-Jessen and Mirsky, 1998). In CRD-NRG-12/2 mice,
pression, and mediate subsynaptic specialization oferbB31/Sox101 Schwann cell precursors are present
muscle AChR expression. Thus, if Schwann cell precur-within early embryonic peripheral nerves but are then
sors do provide crucial trophic support, it is only re-progressively lost along peripheral nerve projections.
quired after the nerve has entered its target field andSome Schwann cell precursors survive long enough
begun synapse formation.to differentiate into S1001 Schwann cells. Although
Schwann cells were absent along nerve terminals in
the endplate zone throughout embryogenesis, erbB31/ Why Make So Many Isoforms?
Sox101/S1001 Schwann cells were present at birth The Nrg-1 gene encodes as many as 14 different NRG-1
along peripheral nerves proximal to dorsal and ventral isoforms (Fischbach and Rosen, 1997). Comparison of
roots. Ig-NRG-12/2 and CRD-NRG-12/2 mice indicates distinct
The fate of Schwann cells in CRD-NRG-12/2 mice is roles for these different isoforms during development,
entirely consistent with prior studies that implicated such as in hindbrain cranial ganglia. In Ig-NRG-12/2 em-
NRG-1 as a Schwann cell survival factor (Grinspan et bryos, the neural crest precursors of the cranial sensory
al., 1996; Trachtenberg and Thompson, 1996; Meyer et ganglia fail to form (Kramer et al., 1996). In contrast, in
al., 1997; Riethmacher et al., 1997; Jessen and Mirsky, CRD-NRG-12/2 embryos, the cranial sensory ganglia do
1998). Whether the requirement for CRD-NRG-1 iso- form. However, these nerves have branching abnormali-
forms in vivo is limited to Schwann cells in terminal fields ties and eventually degenerate after failing to establish
or whether a second factor supports survival in proximal essential target interactions. The molecular basis for
nerve regions in the absence of CRD-NRG-1 isoforms this nonoverlap in isoform function is unknown but might
is not clear. In contrast, mice lacking NRG-1 receptors involve the differential activation of erbB receptors and
(erbB32/2 and erbB22/2) lack Schwann cell precursors subsequent downstream signaling pathways (Y.-H. Kuo
and mature Schwann cells (Riethmacher et al., 1997; and L. W. R., unpublished data; Pinkas-Kramarski et al.,
Morris et al., 1999; Woldeyesus et al., 1999). This differ- 1998). In conclusion, our data provide direct genetic
ence in phenotype between CRD-NRG-12/2 mice and evidence, supporting earlier in vitro studies (Yang et al.,
erbB2/2 mice indicates that other erbB3 ligands (such 1998), that CRD-NRG-1 isoforms have distinct biological
as Ig-NRG-1s, NRG-2, NRG-3, or NRG-4) mediate this functions and that these isoforms are necessary for en-
early aspect of erbB signaling in Schwann cell devel- suring the survival of somatic motor and sensory neu-
opment. rons during synaptogenesis.
Role of CRD-NRG-1 Isoforms in Maintenance
Experimental Procedures
of Contacts between Peripheral Nerves
and Target Generation of CRD-NRG-12/2 Mice
A mouse 129/Sv genomic library (Stratagene) was screened withWhile motor neurons are critically dependent on target-
a mouse CRD-specific probe. Positive clones were mapped andderived trophic support during early development (Op-
sequenced, revealing that the CRD domain is encoded by a singlepenheim, 1991; Grieshammer et al., 1998), the nature of
exon. PCR-mediated, site-directed mutagenesis and standard pro-muscle-derived trophic support is unclear (Oppenheim,
tocols in molecular biology were used to create the targeting vector.
1996). CRD-NRG-1 isoforms are neural specific, and ES cells were electroporated, selected for G418 resistance (150 mg/
erbB receptors are expressed in developing skeletal ml active substance), and screened by Southern blot for homolo-
gous recombination. ES clones, in which homologous recombina-muscle (Fischbach and Rosen, 1997; Meyer et al., 1997;
tion resulted in replacement of one of the wild-type Nrg-1 alleles withYang et al., 1998). We propose that CRD-NRG-1 iso-
the mutant gene, were injected in C57/Bl6/J blastocysts. Chimericforms are an essential component of a nerve-derived
males were mated with 129/Sv females to generate heterozygotessignal that elicits trophic support from skeletal muscle
on a pure 129/Sv background.
because in CRD-NRG-12/2 mice, motor neurons with- Heterozygote 129/Sv mice were mated to transgenic mice ex-
draw and die only after their axons invade muscle tar- pressing Cre recombinase under the HSP-70.1 promoter (P. D. et
al., unpublished data). Offspring that contained the point mutationgets and initiate synapse formation. Moreover, TrkA1
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but not the neo cassette were selected by Southern blot analysis, lumbar VAT-aBgTx counts, the quadriceps femoris muscle group
was dissected out of E18.5 animals and embedded as describedconfirmed by PCR, and mated to generate neo-less CRD-NRG-12/2
mice. neo-less CRD-NRG-12/2 mice were present at approximately above. Transverse serial sections (12 mm) were cut through the
entire muscle, and every eighth section was costained with VATa 1:4 ratio in newborn litters and died shortly after birth from asphyxi-
ation. The phrenic nerve had withdrawn from the diaphragm by antibody and aBgTx. Confocal images were acquired of each sec-
tion, and aBgTx clusters both alone and colabeled with VAT1 termi-E15.5 and, although present at E14.5, was severely defasciculated.
neo-less mutant P0 diaphragms had abnormal distributions of both nals were counted using an IDL5.2 computer analysis program writ-
ten specifically for this purpose. Total number of aBgTx clustersAChRs and AChE deposition. E18.5 intercostal nerves were present
with a disorganized endplate zone, and synapse-specific transcrip- without VAT staining/total number of aBgTx clusters was deter-
mined for each animal. These percentages were then averaged fortion of the a and d mAChRs occurred but was broader than controls.
The majority of aBgTx AChR clusters in mutant E18.5 quadriceps the three animals per genotype, and the standard deviation was
determined. For all counts, three animals of each genotype werefemoris muscle did not colabel with VAT motor nerve terminal stain-
ing. Dorsal root ganglia loss was not apparent at E14.5 but was processed.
dramatic at E18.5. Sox101 cells were greatly reduced along E13.5
peripheral nerves at all rostral-to caudal levels. S1001 Schwann Histological Analysis and Immunostaining
cells were absent from developing nerve terminals opposed to AChR Lung was fixed overnight in 4% paraformaldehyde and embedded
clusters at E18.5, but S1001/erb31/Sox101 nuclei were present in paraffin, and 8 mm sections were cut and stained with hematoxylin
along E18.5 dorsal and ventral roots. Thus, to the extent that these and eosin (H and E). Diaphragm was sandwiched between liver and
neo-less CRD-NRG-12/2 mice have been studied, their phenotype is flash frozen in liquid nitrogen±cooled isopentane, and 6 mm sections
identical to that of CRD-NRG-12/2 mice containing the neo cassette. were stained with H and E. AChE staining was done as described
previously (Karnovsky and Roots, 1964). Whole-mount immuno-
staining using a monoclonal antibody to b-tubulin III (Sigma) wasRT-PCR
done as previously described (Lumsden and Keynes, 1989). AfterTotal brain/spinal cord RNA was isolated using Trizol (GIBCO-BRL)
staining, embryos were dehydrated and cleared in cedarwood oil.following the manufacturer's protocol, and first-strand cDNA was
Whole-mount diaphragm staining was done as previously describedsynthesized with SuperScript II reverse transcriptase following the
(Gautam et al., 1996). Immunofluorescence labeling employedmanufacturer's protocol (GIBCO-BRL). Mouse-specific primers and
monoclonal anti-NF-60 and -168 antibodies (Sigma; 1:1000);oligonucleotide probes corresponded to the following: CRD 59
anti-S100 antibody (DAKO; 1:200); anti-PGP9.5 (Peninsula Lab;primer (549±565) and CRD probe (582±605), and CRD 39 primer
1:1000); FITC- or Texas Red±conjugated aBgTx (Molecular Probes;(885±903), egf-cyt primers (913±931, 1184±1203), Ig probe (608±631),
1:10,000); anti-synaptophysin (anti-SYN) antibody (gift of Dr. Pietroand TM probe (1080±1103). Note that all primer pairs span exon±
de Camilli; 1:600); anti-Islet-1 antibody (gift of Dr. Jessell; 1:5000);intron boundaries and will not amplify genomic DNA.
and rhodamine- and FITC-conjugated anti-mouse, anti-rabbit, or
anti-goat antibodies (Jackson Immunoresearch; 1:200). Triple label-RNase Protection Protocol
ing additionally used anti-rabbit-Cy5 (Jackson Immunoresearch;A mouse IgG domain±encoding fragment (271±617) and a portion
1:200) secondary antibodies.of the mouse ribosomal L30 cDNA (111±262) were cloned into the
TOPO II vector (Invitrogen). 32P-UTP-labeled sense Ig and L30
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Note Added in Proof
The data referred to throughout as ªP.D. et al., unpublished dataº
are now in press: Dietrich, P., Dragatsis, I., Xuan, S., Zeitlin, S., and
Efstradiadis, A. (1999). Conditional mutagenesis in mice with heat
shock promoter-driven cre transgenes. Mamm. Genome, in press.
